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I. General aspect of bacteriophage T4
A. The T-series bacteriohage:-
T- series of bacteriophages sharing E. coli as
their common host. There are 7 virulent phages in this
series, namely, T1, T2, T3, T4, T5, T6 and T7. Within
this series, T2, T4 and T6 are very closely related.
T- even phages are among the largest and most complex
of all known viruses.
B. The morphology and the structural parts of T4:--
The morphology and its structural parts was well
studied (Simon and Anderson 1967, Bradley 1967). It
includes, the hexagonal (DNA-containing) head (1000 A
long); the hexagonal tail Collar (360-375 A in diameter);
the tail Sheath, containing contractile protein (Shortening
from about 800 A to 350 A); the Tail tube inside the
Tail sheath (interior hole is about 25 A in diameter);
the tail plate, a hexagonal structure which can transform
into star shape during infection. Six tail fibers (1300 A
in length), attached to the tail plate, and is needed
for adsorption to its host bacteria (Fig. 1).
C. The nature of T4-DNA:-
The DNA molecule of T-even bacteriophages is double
stranded and is packed in the hexagonal head region.
p.
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3The molecular weight is 112 t 4 x 106 daltons (Kim
and Davidson 1974). The total length is 1.66 x 105
nucleotide pairs. This is 3.6 times longer than that
of the lambda phage (Kim and Davidson 1974). The
genorne of bacteriophage T4 must comprise of more than
a hundred genes. More than ninety genes have now been
identified (Wood 1972). The DNA of-bacteriophage
T4 or T-even bacteriophages contain the unique pyrimidine
5-hydroxymethyl cytosine (HMC), instead of cytosine.
These phage DNAs are also glucosylated on the hydro-
xymethyl group of the 5-hydroxymethyl cytosine,
(Lichtenstein and Cohen 1960 Lehman and Pratt 1960).
Glucosylation is essential to protect the phage DNA
against nucleolytic attack after infection into the
host bacteria. The nucleotide sequence of the T4 DNA,
are circular permutation(Streisinger et al. 1964 Thomas
and Macttaltic 1964). The terminally redundant i.e. a
small amount of genetic information is repeated at
both ends of the genome, is another unexpected property
of the T4 DNA. The mean length of terminal redundant
of T4 DNA is 3.3 x 103 nucleotide pairs that is about
I to 2% of the entire length (Kim and Davidson 1974).
Thus when the genome.is deleted, some compensating
mechanism acts to ensure that essentially all of the
packaged DNA molecules are of equal length, so that
4the redundant ends are made longer. As the result
the deletion system of T4 DNA can not be easily
established. This is a hindering factor for the
study the Bacteriophage T4 transcription.
D. The ytic growth of T4:
The multiplication of Bacteriophage T4 can only
occur inside the host bacteria, and this process is
usually known as the lytic cycle. This process can
be divided into three phases(1) the attachment to the
host bacterium (2) the multiplication of progeny
bacteriophages and (3) the rupture of the host cell,
releasing of progeny phage. Bacteriophage T4 is known
to require the presence of L-tryptophan for adsorption
to its-bacterial host. Since adsorption sites of the
phage for the bacterium are located on the tail fibers,
in the absence of tryptophan, the tail fibers of
bacteriophage T4 are adsorbed to the sheath and are
therefore unavailable for interaction with a bacterial
surface. The role of-tryptophan is then to release
the fibers from the sheath surface. It was shown that
only 8% of the phages adsorbed to the bacterial host
in the absence of.tryptophan but 92% of the phages
adsorbed to the bacterial host in the presence of
tryptophan (Branner et al. 1962). The multiplication
of bacteriophage can be measured by one step growth
5experiment. (Ellis and DelbrUck 1939), such experiment
showed that the latent period for intracellular growth
of bacteriophage T4 is about 25 minutes at 370C. The
following period with abrupt rising titer, correspond
to the time of lysis of the infected cell. The
number of progeny bacteriophage produced per infected
host cell termed burst size is about one hundred.
Immediately after infection, T4 specific protein
are formed. These are called early enzymes, and are
not structural component of the virous. These enzymes
are required for bacteriophage DNA synthesis and to the
modification of host cell internal environment in order
.to favour bacteriophage multiplication, but their
synthesis continues for 15 minutes after infection.
The thymidylate synthetase and deoxycytidylate
hydroxymethylase are examples of the phage early
enzymes. After these early enzymes being made,
bacteriophage DNA replication initiates at about 8
minutes after infection. After making a pool of 50
DNA copies, the maturation of. DNA into phage head
kept the pool of DNA at a constant level. At about
the same time as the initiation of DNA replication,
another group of proteins appeared. These are called
late protein which mostly are structural proteins for
the formation of the head and tail, but also includes
6the lysozyme (e gene product) which is an enzyme for
the lysis of host cell wall. The phage DNA and the
structural components are spontaneously assembled
together to form progeny bacteriophages. After large
number of progeny bacteriophages are formed, lysis of
the host cells occurs. Those genes e, t, s, stl, stII,
stIIl, rI, rII, rIII are involved in the processes of
lysis. The lysis probably involves the degradation
of the inner membrane and the outer cell wall.
E. The genetic structures of bacteriophage T4:-
The knowledge of T4 genetic is still in its early
stage eventhough it compares favorably with most other
living organisms. Although more than ninety genes
have been identified (T4 must comprise for more than
one hundred genes), yet only about 50% of the genetic
map is satured (Wood 1972) (Fig. 2). The mapping of
transcriptional units are far less completely than
bacteriophage.... Many T4 transcriptional units must
still be totally unmapped. The distribution of the
genes with the same function are usually widely
scattered through out the circular genetic map.
Contrarily, in bacteriophage? system the genes that
have the same function are concentrated in the limited
region orderly. As the result, the genetic studies
of bacteriophage T4 is far more difficult than that
Figure 2
The genetic map of bacteriophage
8of the genetic studies in bacteriophage
The genes of bacteriophage T4 according to
their functions can be grouped into three categories,
they are the genes for DNA replication and host
modification the genes for structural protein and
the genes for lysis
a. The en es for DNA replication and host modifications:-
1. DNA neeEative: They are essential for viral DNA
replication, mutants were unable to initiated DNA
synthesis for example, gene 43 (DNA- polymerase)
gene 1 (nucleotide kinase) gene 42 (dDMP hydro-
xymethylase) gene 56 (d CTPase) gene 32
(unwinding protein) (Moise and Hosoda 1970) etc.
2.' Maturation defecture: These mutant can synthesize
DNA, but none of the viral structure component
can be formed. The genes 33 (Harvitz 1973) and
gene 55 (Bolu nd 1973) are involved. The gene
products of which might function by binding to
RNA polymerase and altering its specificity from
early to late mRNA (Horvitz 19710.
3. DNA arrest: Mutants could start DNA synthesis
in normal-fashion, but is ceased soon after
initiation. They include the gene 46 (DNA ligase)
47 (exonuclease) 59 And 30( DNA ligase).
94. DNA delays: The on set of DNA synthesis of mutant
was delayed by several minutes. They include
the gene for example 52, 60, 39, 58, 61. The
genes 39 and 52 were defined as membrane protein
by which T4 caused modification of the properties
of the host cell envelope during the pre-
replicative phase of the lytic'cell (Tackacs
and Belay 1975 Mufti et al. 1974)0
b. Genes for structural proteins:-
1. Head: The gene 23 (code for major capsid protein)
gene 21-24 (code for minor capsid protein) gene 22
(code for a core component of the virus prohead)
and ip I-III (code for internal proteins of the
phage head), are involved in the head's structural
components.
2. Tail: The gene 6, 7, 8, 9, 10, 25 and 27 were
visualized to constitute a functional unit acting
as the skeleton of the base plate and their gene
products are structure control of the tail
contraction (Yamamoto 1975). Gene 9 and 12 products
are the major constituent proteins of the tail.
The hexagon-hexagram transition of tail plate
was controlled by the gene products of gene 5,
9 and 11 (Yamamoto 1975).
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3. Tail fiber: The gene product of gene 38, 37
and 34 are considered as major constituent of
tail fiber
c. Genes for lysis:-
Two essential genes t and e control the lysis
process (K.L. Hardaway 1975). But the lysis of T4
infected cell is a complex of process. The e code
for lysozyme( Streisinger.1964) `and t gene
(Josslin 1970) codes for an enzyme such as a phages-
specific phospholipase, which is responsible for
the breakdown of the bacterial membrane. The S
gene, was suggested to repair cell wall damage, the
mutant caused the infected cell to lyse even in the
absence of the e gene product (Sechand et al. 1967
Emrich 1968). The gene rIIA and rIIB product
(rapid-lysis, mutants are unable to establish lysis
inhibition) was identified as membrane protein which
causes modification of the properties of host cell
envelope during the prereplicative phase of the
lytic cycle (Takacs and Belay 1975). The rII gene
products also play roles in T4 DNA metabolism
(Tomi zawa J. I. 1971 Ebisuzaki K., 1969 Karam,
J.D. 1971 Heere L.J. et al. 1975). In addition
stl, stll and stIII are.involved in the processes
of l ysis (Krylov 1975).
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II. Homologous phage ros
The homologous phage groups can be defined as a
group of phages within which the morphology, the protein
structure and the physiology must be similar to a certain
extent. It also imply that they have phylogenetic
relationship. In the molecular view point, they must
bear some DNA homologous regions and the gene order may
be expected to arrange roughly the same order. There
are some well established homologous phage groups, such
as the T-even phages group T-odd phages group and Lambdoid
phage group.
A. T-even phaaes grroup:-
The T-even phages consist of three members, namely
T2, T4 and T6. The T-even phages are very similar in
morphological structure (Simon and Huderson 1967) and
have strong antigenic cross reaction (Jerne and
Kovsted 1953, Mathews et al 1973, Russell 1974,
Russel and Huskey 1974, Mark 1974). Several other
lines of evidence also indicate that they are closely
related. For example their DNA size are very similar,
T4 DNA has 166 2 Kilobase pairs, T6 DNA has 164± 2
Kilobase pairs and T2 DNA has 160 1 2 Kilobase pairs
(Kim and Davidson 1974). Their DNA all contain
terminal redundancy which are repeated base sequence
on both ends of the genome. The mean lengths of the
12
terminal redundant region are 3.3 ±.1 Kilobase pairs
for T4 and T6 and 9 2 Kilobase pairs for T2 bacterio-
phage (Kim and Davidson 1974). They also share the
outstanding features of having 5-hydroxymethyl cytosine
instead of the usual cytosine and the glucosylation
of their DNA on these unusual bases (Lichtenstein and
Cohen 1960 Lehman and Pratt 1960).
The DNA-DNA hybridization method, a good system
for this kind of research, indicated that relative
homology between T2/T4, T4/T6, T2/T6 are 87, 84, and
91% (Cowie et al). Also the T2/T4, T4/T6 and T2/T6
DNA heteroduplexes melt at temperature of 1.40, 2.40
and 4.5°C below the melting temperature of the
homoduplexes respectively (Cowie et al. 1971). Therefore
T2 and T6 are the most closely related phages.
The region with greatest homology is that bearing
the structural genes. Genetic recombination can
easily occur between the Taeven phages group, but
partial exclusion mechanisms hinder genetic exchanges
(Russell 1967, Russell and Huskey 1974). By means
of comparative genetic studies, it was discovered that
T2 and T6 have the same gene order and nearly the
same gene spacings as in T4, with the exception of
the tail fiber region. Besides, the corresponding
gene products from all three phages are interchangeable
(Russell 1974).
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B. T odd phaes group:-
The T-odd phages group consists of several
members such as T3, T5, T7, 01, ,dII, W31 and H.
The phages BSI, $11, W31 and H are clearly closely
related to T7 and with a lesser degree related to T3
(Hyman et al. 1974). T7 and T3 show both in the
similar morphology and strongly antigenic cross
interactions (Adams and Wade 1954).
From electron microscope observation of the
T3/T7 DNA heteroduplex (Davis and Hyman 1972), it
was observed that T7 and T3 have extensive sequence
of partial homology. There are base changes throughout
most of the genome, such as the initiation site for
early T7 mRNA (80%) the terminal site for early T7
mRNA (80%) the T7.- specific late RNA polymerase
(gene 1) (85%) the'region code for minor component
of the mature phage (T7 gene 15, 16 and 17) C90•%)
the structural protein (gene 8) (90%) the major coat
protein (gene 10)'(60%). It is interested to'know
that the terminal redundancy between T7 and T3 is
not homologous. It seems that these two phages have
evolved through a series of single, random base changes.
They are genetically related (Schildkraut et al.
1962) and genetic recombination has been reported
between T3 and T7 (Hausmann and Gomez 1967). Since
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the terminal redundancy of T3 and T7 is not homologous,
this fact could contribute to the recombination barrier
between them, because terminal redundancy may be in
part in the DNA packing mechanism (Streisinger and Bruce
1960 Streisinger et al. 1964).
C. Taa oid page group:
This is groups of temperate phages able to form
lysogens with their common host cell E. coll. This group
consists of the bacteriophages 7, 82, 4434, 21, 424,
j580 and 681 (Simon et al. 1971 Fiandt et al. 1971).
They share common cohesive ends undergo genetic
recombination with each other to varying degree capable
of genetic complementation to varying degrees and their
prophages are inducible by ultraviolet irradiation.
Among this groups, they have cross antigenic activities
with each other. The properties of Lambda and some
related phages are summerized in Table 1 (Hershey and
Dove 1971).
By comparing similarities between segments of
their DNA base sequence, following order on relatedness
to X was revealed: 82 (and 434) 21 424, 80 (Skalka
and Hanson 1972, Simon et al. 1971 and Fiandt et al.
1971).
The electron microscope mapping of Heteroduplex
DNA between T and its related phages (219 680, X482,
15
Table 1. Properties of Lambda and some Relatives
Host Tail Prophage N gene DNAPhage Immunity
range antigen location product ends
unique gal-dbio
unique21 like like near trp unlike like
80 unique like T1 unlike tdk-trp unlike like
81 unique like T1 likegal-bio
82 unique like 434 like gal-bio
424 unique like 434 like near his like
434 unique unlike like like likegal-bio
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434) (Simon et al. 1971 and Fiandt et al. 1971) has
derived three notable conclusions:-
a. DNA molecules of the related phages contain segments
that are either identical with segments of DNA or
completely different. Only a few partially homologous
segments are found,
b. the identical sequences in a given pair of DNAs
add up to 35% to 60% of the total molecular length,
ce the identical segment usually locate in the head
and tail gene regions of the genetic map.
Here I would like to describe in more detail about
the relationship between Coliphages T and*$80, because
the hybrid phages formed between these two phages
(Szpirer et al. 1969 Signer, 1964 Franklin 1967
Matsushiro as cited by Tomita 1969). It has been
extensively used for transcriptional studies (Tomita
1969 Lozeron and Szybalski 1969 Szybalski 197+).
The bacteriophage ?s, and X580 (Matsushiro 1963) belongs
to the lambdoid phage group, but they are the most
distant pair within this phage group. However, they
share a number of common properties. These include
morphology, size (Weigle, J. 1968) and cohesive end
of the DNA (Yamagishi et al. 1965 Baldwin et al. 1966),
ability to undergo genetic recombination with each other
(Franklin, N.C. 1967 Signer, E.R. 1964). On the other
17
hand, they have no antigenic cross interaction
(Matsushiro 1963). More important still, there is
little homology exist between )DNA and 680 DNA
(Takeda and Yura 1968 Fiandt et al. 1971). There
are no base sequence homologies between X and X80
on the right arms and only 20% homology on the left
arms of the genomes (Lozeron and Szybalski 1969).
Even with such a low degree of base sequence homology,
the time, control, orientation and regions of tran-
scription are practically identical for both phages
(Lozeron and Szybalski 1969). It may conclude that
the observed congruency of transcriptional patterns
need not be correlated with the degree base-sequence
homologies.
D, Pha e and P22
It was recently discovered that the gene order
of the temperate salmonella phage P22 closely resembles
to the temperate phage lambda (Botstein et al. 1972).
The genes concerned with control, recombination
integration, DNA replication and lysis of both phages
are arranged in the same order (Boststein and
Herskowitz 1974).
The base sequence in the DNA show some degree
of homology, 18% by hybridization experiment (Cowie and
Szafranski 1967) and most of this homology lies in the
18
right arm of) (Skalka and Hanson 1972). Serological
cross interaction has some serological reaction between
these two phage (Yamamoto and Anderson 1961). On
the other hand phage P22 differs in may aspect from
lambda phage:-
1. The DNA of X may has cohesive. ends (Hershey and
Burgi 1965), whereas phage P22 has linear DNA
with circularly permuted sequence and about 5%
terminal redundancy (Rhoades et al. 1968).
2. X phage can grows in the absence of recombination
(Signer and Weill 1968), but P22 requires
recombination for growth (Botstein and Matz 1970).
3. The control of lysogeny of phage differs from
that of. P22 phage. N prophage is repressed
completely by a single repressor (Hopkins and
Ptashne 1971). While phage P22 uses two gene
products imm C and imm I to repress the prophage
(Gough, 1968) and two separate genetic elements
contribute to the specificity of immunity (Bezdek
and Amati 1968).
4. P22 particles have only a short base plate
structure whereas 7, has an elongated tail.
5. P22 adsorbs only to Salmonella typhirnurium
whereas adsorbs only to E. soli.
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E. Phage P2 and 186.-
P2 and 186 are two related temperate bacteriophages
with Escherichia coli as their common host (Bertani
1971). Their DNA is similar in size, and hybridization
studies indicate that 50% of the P2 DNA is homologous
to 186 DNA (Skalka and Hanson 1972). Within this 50%,
about 25% of the sequences are completely homologous,
and 25% are partially homologous, while the remaining
50% are completely nonhomologous (Younghusbani Inman
1974). This homologous region is limited to portions
of the head and tail gene, while the early genes and
immunity regions are completely nonhomologous
(Younghusbani and Inman 1974). In addition the
cohesive ends of P2 and 186 DNAs are similar. It was
also observed that P2 and 186 DNA showed no homology
with DNA from the lambdoid phage group. Since the
tail genes of these two phages correspond to the
partially homologous and nonhomologous regions, low
level of antigenic cross interaction has observed
(Bertanl. and Berta.ni 1971).
By studying the lysis function, it discovered
that the gene products between P2 and. 186 phage are
interchangeable (Younghusbani and Inman 1974).
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III. Hybrid phages and its use in the transcriptional studies
To construct the hybrid phage is a quite popular
event, some useful hybrid phages system were established
such as 80 hybrid (Signer 1964, Franklin et al. 1956),
T.-P22 hybrid (Botstein and Herskowitz 1974) and Mu
hybrid (Bukhari and Allet 1975). The hybrid phages can
be regarded as the most effective tool to reveal the
mystery of the transcriptional control. This is because
the hybrid phage can provide specific and well-defined
DNA segment. Without the help of hybrid phages, it will
be very difficult to obtain refined information at the
transcriptional level. The viable hybrid phages are
derived from recombination between two distantly related
phages, which must be physiologically and genetically
similar yet their DNA must have little homology. As
the result of recombination, the viable hybrid phages
contain two different DNAs segments each derived from
one of its parents. However, the gene products from
one segment must complement the gene products from another
segment in order to produce a viable phage.
80 hybrid:-A.
Four useful hybrid had been constructed in this
i80
att80 i (Franklin et al.20 system, they are
i8o (Szpirer et al. 1969) 80 att80 i1965) att





(Franklin et al. 1965)
contains the left arm, including genes A-J, of
and the right arm, including the atto0 a.a' site of
J80 DMA (see Fig. 3),
vatt.
.80 .
1 hybrid 80 hy1) (Szpirer et al. 1969)
contains the left arm of A DNA and the proximal part
of the right arm including region A~J-att. a.a'-exo.
A segment of 580 DNA spans from the $80 counterpart
of gene B to the right end (see Fig. 3)»
The
;8° attpc i
hybridi iin(IFiITiillm—11r Jin-mm ;8o i7 (Signer 1960 .
chromosome is composed mainly of DNA, with only
the B-N~cl-P region derived from A DNA (see Fig. 3)•
In 4- . •cit t qa Xi innwn-innf 1—lnnKt (Tomita 1969) The left arm, includingmm—!' OTaBHWHWiN—n w mmm rm..
gene A-J, and the B-N-cI-P segment in the center of
the right arm are derived from X DNA, while the
remaining two segments are of $80 origin (see Fig. 3)
These hybrids were obtained by selecting
recombinations between gene h (host range) and the
immunity character (imm). The recombination frequency
between A and 80 occurs at about 10 (Szpirer 1969)
The rarity of the hybrids might reflect a strong
reduction of the absolute frequency of the recom-
binational event, due to poor pairing. The location
of cross over usually resist on the short homologous
regions.
Fig. 3
Simplified naps of bacteriophage
80 and of the
780
1 80i ®0 hyl
and












In the transcriptional study of lambda phage
system, 80 hybrid phages, deletion mutants and
transducing phages were used. In this aspect, the
80 hybrid phages played the most significant role.
With these hybrid phages and other mutants the lambda
phages system has become the most advenced system for
transcriptional study. It open up many new frontiers
such as identification of controlling factors in
transcription, rate of transcription, transcriptional
controlling system and the role of repressor and
other factors in transcrirtion.
as The properties and turn off of cI gene transcription
The study was achieved by the use of and
imm4J4 (Fig. 4) DNAs (Kourilsky et al. 1971). The
two step hybridization procedure was introduced in
the kind of studies (B)dvre et al. 1971). The
result indicated that rate of cI transcription fall
at least 20-folds within 3 minutes after induction.
The blocking expression of genes on either side
of ci by the help of imm 434 DNAs was described
(Ptashne 1971 Taylor et al. 1967).
b. Analysis of the semental distribution of RNA
transcription
The two most extensively used 80 hybrid
phage DNAs,i80 of N. Franklin and 80i of
24
Fig. 4
Extent of immunity regions of
phaes 434 and21.
mA J Nc Rm'
CII N rex CI cro CU O
434
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E. Signer (Lozeron and Szybalski 199) provide
a most convenient tool for determining transcription
rate within relatively large segment of the genome.
The segmental distribution of the -specific RNA
was calculated from the hybridization data,
employing 1 and r strands oi
. 80
ISO i and
80 DNAs (Fig.. 3, Bj6vre et al. 19715 Nijkamp,
B$vre and Szybalski 1970).
c. The kinetics of viral transcription after induction
———mmmI—«tamacmmU .in mnnan»wwwuwi—a—»i »i» in I »rnnMviMPJI hi iwi n »in .i 11»..i n hi. i
of prophage
Since the hybrid phage can provide a well
defined DNAs segments. As the result, three phages
(a lag period; delayed early and late phase) of very
early messenger RNA production in phage growth was
identified (Kourilsky et al. 1971)• The goal was
achieved by the use of phages .imm and d.mm
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d. The sequential control circuit
Mixed infection with and
c
imm does
not lead to any raRNA transcription for endolysin.
In contrast, transcribes a normal amount of
mRNA for endolysin in mixed infection with imm
This shows that the expression of N gene
transcription of
L
imm acts as sequential control
of the late gene transcription (Thomas 1971)•
As described above, all the elements of
«
transcriptional control of X phage vere revealed
by the help of X-j8Q hybrid phages. These provided
a great extent of the understanding of the knowledge
of transcriptional control. At the time being, the
transcription study of X phage is the most well
developed system among the other organisms in the
world. It is no doubt to say that the use of hybrid
phages are the most effective and convenient system
»
for the study of transcriptional control.
B. X-P22 hybrid:-
The P22 DNA can be substituted in the right arm
of X to yield hybrid phages. Phage P22 does not absorb
5 coli and phage X does not absorb to S. typhimurium
due to a lack of appropriate cell-surface receptor
(Baron et al. 1970). The construction of P22 hybrid
phages was accomplished independently by a different
methods.
a. By the construction of an unusual Salmonella
typhimurium hybrid with sensitivity to X phage
and Salmonella phage P22 (Gemski et al. 1972).
Two broad classes of hybrid phages were isolated
from this Salmonella typhimurium hybrids:
1. The X-P2.2 hybrid, which has the protein coat
of contains at least the c region of P22.
2. The P22-A hybrid class has the protein coat
of P22 and has inherited at least the c marker
of A-
b coli can mate with Salmonella strain which
carry the episorae that the P22 prophage was inserted
into it, as the result E. coli carrying P22 prophage
(temperature sensitive) was isolated. The X-P22
hybrid was contracted by induce the E. coli lysogen-
carrying P22 prophage (Botstein Herskowitz 1970.
Among the progeny were recombinants (about 0.01$)
with the host range of X but had acquired a new P22
immunity (X imm P22).
The use of X-P22 hybrid system in the study of
transcription is not yet well developed. But
however, by using of X-P22 hybrid, two important
differences about the immunity and early gene
regulation between X and P22 are revealed:
1. Within the two immunity regions (imm I and imm C),
imm C is probably the primary regulator of
repression and immunity in P22 (Davidson and
Szybalski 1971).
2. The X imm P22 hybrid grows normally in gro N~
and nus mutants of E. coli, but the X phage
early transcription was blocked by growing in
the host mutant. The blocking effect is probably
by affecting the function of the early gene
positive regulator, the N gene product,
(Georgopoules 1971i Friedman 1971) This
phenomenen indicated that the early genes
of P22 phage are regulated differently from
X phage.
c. x-Mu hybrids
The plaque forming A~Mu hybrid was constructed
recently (Bukhari and Allet 1975) The isolation
of A-Mu hybrids was to insert Mu into a nonessential
region of a X prophage and then to recover X
particles by inducing such hybrid dilysogens.
The mutator phage Mu (Taylor 193) seemingly
can enter the DNA of E. coli at any site randomly
to establish lysogeny (Bukhari and Zipser 1972).
Mu uses a particular site on its own DNA for integ¬
ration. As a result all Mu prophages have the
same gene order irrespective of their sites of
insertion on the host chromosome (Abelson et al.
1973).
Specifically Mu was inserted into the lac
DNA carried on a X plac 3 cl 837 a 7 (Malaray et
al. 1972) prophage in a pro lac deletion background.
It was found that Mu DNA had been totally removed
m
from the X plac 3 region without any alteration
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of the genome. As the result -Mu hybrid
system also provides a simple method for
isolation deletion in and in the lac operon.
The complete removal of Mu DNA from the
region of insertion might be a result of the
specific excision of Mu DNA. So that the using
of -Mu hybrid can provide a good system to
study excision of Mu.
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IV. Transcriptional study of T4 bacteriophage
Current transcriptional study of the T4 system can
only be analysed by polar effect of supressible mutations
(Guha et al. 1971) or by deletion mapping of transcription
(Schmidt et al. 1970). Others have been inferred from
experiments on protein system in vitro and in vivo (0'
Farrel 1973) and from competition hybridization of labelled
RNA against corresponding unlabelled RNA's (Rolle et al.
1968). In summary, the present understanding of T4
bacteriophage transcription is still in its early stage,
despite the fact that its genetics, biochemistry and
morphogenesis were the first phage to enjoy such thorough
studies. Such delay in understanding its RNA synthesis
might be due to three limitations:-
(1) The wide dispersion of the related genes through
out the genetic map (Fig. 2).
(2) The terminal redundence of the T4 DNA has caused
great limitation for the isolation of deletion
mutants.
(3) No T4 hybrid phages are available for such kind of
studies which was extensively used in the
bacteriophage system.
A. fime and polarity of transcription:-
The synthesis of T4 RNA after infection can be
divided into several groups base on the time of their
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transcription. These are the immediate-early delay-
early quasi-late and late RNAs (Szybalski 1969, Bolle
1968).
a. Earl RNA: Appear at the first five minutes after
infection and the levels of this species fall
drastically late in infection. The transcription
starts entirely on the 1 strand (Guha et al. 1971)
and the transcriptional direction is anticlockwise
(Szybalski 1969). Two classes can be subdivided:
1. The immediate-early RNA: Appear first of infection
(0-1.5 minutes) and is transcribed even in the
present of chloramphicol (Salser et al. 1970).
2. The delay-early RNA: Appear soon after (1.5
to 5 minutes) but only when some immediate- early
RNA species are translated. Thus the synthesis
is blocked when chlorarnphenicol is present.
b. Quasi-late RNA: A small amount of the five minutes
RNA exhibits the reverse behavior. These species
increase several folds between 5 and 20 minutes.
The quasi-late RNA species are transcribed off
the 1 strand.
Co Late-RNA: This class of RNA transcription increase
markly from 5 to 20 minutes but is entirely absent
five minutes after infection. The synthesis
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principally copied from the r strand and mainly
in clockwise direction. But about 10% of the 20-
minutes 1 specific RNA can be assigned to the
true-late class (Bolle et al. 1968, Salser et al.
1970).
Be The regulation of T4 transcription:-
There is only a little knowledge about the
regulation of T4 transcription. Non. of the well
defined transcriptional unit is identified. The
regulation of early T4 transcription is comparatively
understand than that of the late transcription.
The bacteriophage T4 can shut off the transcription
of the host bacteria immediately after the infection
(Horvitz 1973, Horvitz 1974a, Horvitz 1974b).
Bacteriophage T4 induce two distinct phosphorylation
of the of subunit of the host RNA polymerase for both
the shut-off mechanism and on set of T4 specific
transcription:-
a. Alteration:-
It requires infection but not expression of
phage genome. Alteration of o proceeds in the
absence of protein synthesis. It appears to be
catalyzed by a pol'ypeptide of molecular wright
61,000 which is probably cleaved during morphorgenesis
from a precuror of molecular weight 79,000
(Horvitz 1974b).
b. Modification:--
Occurring slightly later than alteration, it
requires phage-specific protein synthesis. Virtually
all polypeptides are modified by seven minutes
after infection and remain modified throughout the
T4 life cycle (Horvitz 1974a). Two phage--specified
polypeptides found associated with RNA polymerase
are the products of T4 gene 33 (code for 12,000 M.W.
polypeptide (Horvitz 1973) and gene 55 (code for
the 22,000 M.W. polymerase-binding protein (Ratner
1974). This modification involve the covalent
attachment to of adenosine and phosphorus
diphosphate ribose group to a specific arginine
in the polypeptide (Goff, 1974).
It is clear that both 1 and r strands are transcribed
in early and :Late after infection respectively. But
however it is difficult to answer which regions of the
1 strand as well as r strand are transcribed at what
time ($zybalski 1969), since the T4 genome is circularly
permuted and there are no means for selection of the
systematically arranged deletion mutants or for other
method of fractionation of various fragments of T4 DNA.
as the result the studies of T4 control transcription
is still in a very early stage when compare with the
transcriptional system.
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V. Backgrounds and purpose of study
The development of DNA-RNA hybridization method
(Nygaard and Hall 1964 Gillespie and Spiegelman 1965;
Bovre, Lozeron and Szybalski 1971) can provide us a direct
approach to study the various aspects of transcription,
for example, to study the control of transcription
(Szybalski 1974).
The key to the study of transcription of different
phages lies on providing specific and well-defined DNA
segments. For example, the rapid progress in the
bacteriophage system on RNA synthesis can partially be
attributed to having many /80 hybrid bacteriophages
which can-serve as defined DNA segments (Signer 1964
Franklin et al. 1968 Szpirer et al. 1969). With such
hybrid phages, it enable scientists to obtain valuable
insight into the immunity phenomenon of temperate phage
and the regulation of early and late function during
phage growth (Isaacs et al. 1965). But however, in T4
bacteriophage system the use of hybrid phage to study the
various aspects of transcription is not yet developed.
As the result, our understanding on the T4 transcription
units and its transcriptional controls are far less com-
pletely than bacteriophage system.
The limitation in establishing a deletion system
in T4 bacteriophage genome hinders the study of T4 transcription.
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It is logically to infer that the establishment of hybrid.
phage system from bacteriophage T4 and its related phages
is one of the most effective solution for the transcriptional
study of bacteriophage T4. In order to construct the
hybrid phage, the T4 related phages must first be isolated.
Unfortunately no suitable T4-related bacteriophages are
available to construct hybrid to provide the specific and
defined T4 DNA segments. All the known-T4-related
bacteriophages such as T2 and T6 are too closely related
to T4 such that their.DNA are likely to have large homologous
regions (Kim and Davision 1974, Mark 1974).
The T4-related bacteriophages other than bacteriophage
T2 and T6 were newly isolated and their serological relation-
ship with T4 was reported (Mark 1974, Mark personal communi-
cation). The work that called upon me was to find out
whether the newly isolated T4-related bacteriophages are
suitable for constructing hybrids with bacteriophage T4.
In my experiments, the relatedness between the newly
isolated bacteriophages and the bacteriophage T4 were
achieved by the DNA-RNA hybridization and serological methods.
In the hybridization interaction, T4 3H-RNA was used to
hybridize with the related bacteriophage DNA immobilized
on the nitrocellulose membrane filter. The T4 antiserum
was used in the kinetic study of neutralization of bacterio-
phage T4 and its related bacteriophages. By calculating
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the relative hybridization efficiency and the relative
serological kinetic neutralization interaction, the
relatedness between the new isolated bacteriophages and




Wild-type T-even bacteriophages T2, T4, T6 and the
newly isolated T4 related bacteriophages, CUI to CU24,
(Mark, 1974 Mark, unpublished data) were used. Bacterio-
phage T4 was used as standard and T2, T6 as references.
B. Bacteria
-Escherichia coli strain B was used for plating and
culture of the various T4-related bacteriophages under study
and the reference bacteriophages listed above.
C. Solutions and media
Tryptone broth: 1% Tryptone (Difco), 0.5% NaCI
Tryptone plate bottom and top agar: Tryptone (Difco) 10 gm
NaCl, 5 gm Vitamin B11 1 mg agar-agar (Sigma), 7 gm
for top agar and 11 gm for bottom agar per liter of
distilled water.
Suspenion medium: Tris buffer (pH 7.4), 6 x 10-3 M Mg SO 4,
9.7 x 10-4 M NaCl, 7 x 10 2 M gelatin 0.005%.
M9b buffer* 3 gm KH2PO4, 7 gm Na2HPO4, 1 gm NHLCl, 0.5 gm
NaCl, 1 ml of 1 M MgSO 4, 10 ml of 10-2 M CaCl 2, 1
liter of distilled water, pH 7.2.
Sodium acetate buffer: Mix one liter of 0.5 M acetic acid
with one liter of 0.5 M sodium acetate. Adjust pH
with glacial acetic acid or NaOH to 5.2.
TES buffer: Containing 0.01 M NaCl, 0.01 M-Tris (pH 75)
0.005 M MgCl .
Potassium phosphage buffer: 0.005 M dipotassium hydrogen
phosphate was mixed with 0.005 M potassium dihydrogen
phosphate, supplement with 0.01 M MgSO or 0.15 M NaCl.
MCGB medium: 4 gm glucose, 10 g casamino acids (Difco) and
2 mg thiamine were added to 1 liter of M9b buffer.
SSC: 0.15 M NaCl, 15 mM Na_, citrate, pH 76
2 x SSC 6 x SSC; 20 x SSC etc.: Concentration multiples of
SSC, Filtered before use.
Phenol: Commercial phenol (A.P.) was redistilled and collected
at 182°C and stored under nitrogen in tightly closed
vials at -20°C. When used, 20 ml of melted phenol was
mixed with 10 ml of double distilled water in a 62°C
vater bath. After spinning down at 5000 pm for 10
minutes, h°C, the lower layer (water saturated phenol)
was taken for use.
Trichloroacetic acid (TCA): 5° aqueous solution. Filtered
before use.
Albumin solution: Solution of bovine serum albumin, fraction
V (1 mgral) in 2 x SSC.
KNase solution: Stock solution of 1 mgml was freshly
prepared by dissolving the pancreatic RNase (code BASE
or RAF; Worthington Biochemical Corp., Freehold, New
%
Jersey 0772 U.S.A.) in double distilled vater preheated
to 97°C for 10 minutes. When used, stock was diluted
with 2 x SSC by 150 fold to 20 pgml.
H-Uridine: 5-H-uridine in 50 mCi5 ml, Catalog No. 1533™
87, was purchased from Schwartz-Mann Research Laboratories,
Division of Becton-Dickinson Company, 136 Liberty Street,
New York, N.Y. 10006, U.S.A.
Polyethylene glycol (PEG 6,000 and 20,000): Polyethylene
glycol was purchased from Serva Feinbiochemica GMBH.
Co., D-69OO Heidelberg 1, The Federal Republic of Germany.
Scintillation fluid: 0.k% PP0 + 0.005 P0P0P in 1 liter
Toluene (Scintillation grade)
Macaloid suspension: This was purchased from American Tonsul
Co., P. 0. Box 1675 Houston, Texas 77001, U.S.A.
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D. Labelling and extraction of H-RNAi«wiir gwHfamkw mm—nm 1 mm
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The labelling and extraction of H-RNA is based on
Bolle et al• (1968) and Bvre et al. (1971) with some
modification.
Detail procedures are described as follow:
(a) Bacteria culture:
O
1. E. coli. B grow in 100 ml MCGB medium to 5 x 10 at 30°.
2. Culture was centrifuged ana resuspended with aeration
in prewarmed MCGB at the same concentration and
temperature•




1. The bacteria were infected by T4 bacteriophage with
multiplicity of infection of 8 (MOI= 8).
2. 3H-labelled uridine with final concentration of
2.5 pc/ml (0.5 ml 0,25 mc) was added one minute
after infection.
3. Incorporation of 3H-uridine to RNA was terminated
at 20 minute after infection by pouring on to
frozen M9S (-60°C, 20 ml) supplemented with 0.02 M
NaNO3.
4. The labelled RNA preparation was chilled to 5°C
within 15 sec. (shake until melt in ice bath)
(c) Extraction of labelled RNA:
1. The labelled infected cells were contrifuge (7,000
rpm for 10 minutes) and resuspended in TES buffer
(2.5 ml).
2. 0.075 ml of 10 mg/ail egg white lysozyme was added.
3. After a few minutes, the suspension was frozen in
dry ice bath or liquid nitrogen.
4. The cell were thawed and sodium dodecyl sulphate
was added to final concentration of 1% (10% SDS
added 0.25 ml.).
5. The viscous, turbid suspension was briefly warmed
until it cleared (in boiling water).
6. Sodium acetate buffer pH 5.2 was added to 0.1 M
and placed in room temperature for 2-3 minutes
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and then in an ice water (0.25 ml of 1 M buffer
was added).
7. 0.2 ml of 2% Macaloid was added.
(d) Phenol extraction:
1. Equal vol. of water saturated phenol (2.5 ml)
prewarmed to 68°C was added and the mixture was
shaken with mixer at intervals for 3 min. in the
68°C water bath.
2. The tube was then placed in ice-salt mixture to
obtain good separation between phenol and water*
3. Extraction of bacterial lysate by centrifugation
(7,500 rpm, 4°C for 10') and 3 further re-'
extraction of the supernatant were carried out.
4. After centrifugation, the aqueous layer was taken
out with a pasteur pipette.
5. The extracted aqueous phase was adjusted to the
salt concentration of 2 x SSS (0.82 ml of 20 x
SSC was added).
6. The RNA extract was frozen at -20°C, and thawed
slowly in ice bath. The dissolved phenol together
with some DNA appeared? at the bottom. The phenol
was rolled into a large droplet and was removed by
using a pasteur pipet.
(e) Assay for labelled RNA:
1. Ten microliters (10 λ) of extracted RNA is transferred
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to 0.1 ml of 0.1% albumin solution in 13 x 100 mm
tube standing on ice.
2. 2 ml of cold 5% trichloroacetic acid (TCA) was
added, precipitation was allowed to take place
for 10 min. in the cold.
3. The precipitate was collected on a 24 mm Bac-T-
Flex B6 membrane filter which had been presoaked
and prewashed with 5% TCA.
4. After slow filtration of the precipitated RNA,
the sample tube was again washed twice with 10 ml.
of cold 5% TCA.
5. Finally with 100 ml cold 5% TCA.
6. The filter was transferred to a counting vial and
was dried at 80°C for 2 hrs. in vaccumn oven.
7. The radio activity was counted in 10 ml. of
scintillation fluid.
8. The number of counts was used for the calculation
of total labelled RNA.
E. Propagation, Concentration, and Purification of Bacte_riopha es
Isolation of bacteriophages in large quantity, free of
host cells, is necessary for the hybridization studies. The
purpose of this step is to prepare DNA for 3HRNA-DNA
hybridization. Bacteriophages are grown in sensitive host
cells and are ensured to grow in lytic direction. The
propagation, concentration, and purification of these phages
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are described as the following.
(a) Propagation of phases
1. Sensitive B. coli cells were grown in large volume
(2 liters/flask) in tryptone broth at 37°C with good
aeration to an early exponential culture (O.D.575=
0.15= 2 x 107 cells/ml).
2. The culture was supplemented with 50 ug/ml Tryptophan
(Brenner et al. 1962) and infected with bacteriophage
T4 and other related bacteriophage at a multiplicity
of infection of 0.01- 0.05.
3. Incubation was allowed to continue at 37°C with
aeration until lysis. Lysisoccurredas the culture
reached the stationary phase, andwas clearly visible
as a clearing of the culture and the appearance of
many small flakes of bacterial debris.
4. At 3-6 hours after lysis started but before significant
growth of resistant bacteria was observed, the
lysates were shaken with a few drops of chloroform,.
and were distributed in 500-ml polypropylene
centrifuge bottles and centrifugation was undertaken
(7,000 rpm, 10-20 min, 4°C). The phage-containing
supernantant was decanted and saved. The titer of
phage lysate was assayed by plating method (Adams,
1953).
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(b) Concentration of phages
The lysates, now largely free of bacterial cells
and debris, were subjected to concentration by the
PEG Precipitation Method (Yamamoto, 1970).
The lysate was supplemented with 0.5 M NaC1
and 7.5-8.0% polyethylene glycol (PEG M.W. 6,000)
and dissolved by continuous stirring overnight (about
8 hours) at 4°C. The phage particles were collected
by centrifugation (8,000 rpm, 30 minutes, 4°C). The
supernatant was removed completely and the pellet was
resuspended in 1/100 volume of suspension buffer by
shaking 2-3 hours at 4°C. The residual debris was
removed by a low speed centrifugation (5,000 rpm, 10
minutes, 4°C) and the titer of the phage was assayed.
(c) Purification of phages
1. Water and crystal CsCl were. added to the PEG
concentrated phage suspension to obtain a 12 ml of
solution of density, 1.496 gnu/ml (refractive index
1.3810= 8°10'). The suspension was then distributed
to 3 nitrocellulose tubes (Beckman./Spinco ½ x 2
inches, Cat. No. 305050) and overlaid with about
1 ml of mineral oil up to the rim of each tube.
2. The CsCl phage suspension in nitrocellulose tubes
was centrifuged at 30,000 rpm for 20- 22 hours
at 5-10°C in an Spinco SW50.1 rotor in Beckman
Spinco L2-65B ultracentrifuge. Thereafter the
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tubes were punctured from the side with a syringe
needle just below the hand, and small volume of
a CsC1 solution with the visible, sharp, 1-2 mm
broad phage band were collected in a sterile 1-ml
syringe and transferred to a screw-cap vial and
stored at 4-5°. Usually 1 to 4 x 1015 phage, i.e.,
up to 2 mg DNA was collected.
Preparation and Purification of Bacterio hage
BACTERIA CULTURE (2 x 10( bacteria/ml)
Phage infection (M.O.I.= 0.05)
IlYSIS
Centrifugation










F. Extraction of bacteriopha Ze DNA
1. The purified phage was dialysed against 0.01 M MgSO in
0.01 M Potassium phosphate (p11 7.45) buffer for 12 hrs.
with two changes of buffer.
2. Equal volume of this phage suspension and freshly
distilled phenol (Buffer saturated) at 4°C was mixed
and agitated by rotex mixer for 1 min.
3. The two phases were separated by centrifugation (10,000
rpm for 2 min.) and the aqueous phase was reserved.
4. This process was repeated 2 more times and the aqueous
phase was saved.
5. The three phenolic phase residue were re-extracted with
buffer equal to 1/5 the volume of the phage suspension.
6. The resulting 2 aqueous fraction were pooled and dialysed
against 0.15 M NaCl in 0.01 M Potassiumhos,phate buffer s
pH 7.45, until all the phenol was removed (2 to 3 changes
of buffer are necessary).
7. The presence of phenol could be followed by O.D. reading
where a strong absorsion peak was abserved at 270 m
instead of 260 m. Absence of this 270 m peak in the
dialysis solution indicate complete removal of phenol
was achieved.
8. The clear, viscous solution was the phage DNA.
9. The concentration of DNA was calculated by a coeficient
0.002 0.D.260 m is equal to 1 g DNA/ml (using 1 m m
cell path).
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10. The extinction coefficient at 260 mu (0.D.260 mu)
with respect to phosphorus was 6800 with a ratio of
O.D.260 mj p /0.D.280 mu of 1.92.
G. Immobilization of denatured viral DNA on nitrocellulose
membrane filters
The ultimate in convenience and capacity for handling
many samples with a quantitative assay for DNA-RNA hybrids
was provided by the discovery (Nygaard and Hall 1964) that
nitrocellulose filters strongly adsorbed single-stranded
DNA along with any hybridized RNA. The improved method for
the formation of DNA -RNA hybrids with DNA immobilized on a
membrane was described (Gillespie and Spiegelman 1965).
In principle, immobilization of the DNA during the
hybridization provides a logical method of avoiding the
re-formation of the DNA-DNA complexes, it is because the
denatured DNA was fixed irreversibly to nitrocellulose
membrane filters, and to carry out the hybridization on
filters. This should serve to eliminate or greatly reduce
DNA-DNA interactions while retaining the almost indispensable
convenience of the filter method.
It was d. scovered that irreversible fixation of DNA
to nitrocellulose membrane was readily achieved by thorough
drying at moderate temperature. The result is a simple
and conveniently flexible method of hybrid assay possessing
a vanishingly small noise level combined with high accuracy.
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The detail procedure of the method is described as
follow:-
1, 200 1g viral DNA in 0.1 x SSC, made up to. 20 ml with
0.1 x SSC.
2. 2.3 ml of 1.0 N NaOH was added until pH2.8 (shaked
gently occasionally).
3. Equilibrate in Room Temperature for 10 min, then
2.3 ml of 1.5 N NaH2PO4 added until pH to 6.8- 7.2.
4. 10.4 ml 20 x SSC and 65 ml 6 x SSC was added in order
to make the final salt conc. to 6 x SSC of total 100 ml
DNA solution.
5. 10 ml of solution containing 20 ug DNA was added to
each filter,
6. The solution filtered under suction to obtain moderate
speed. The filter (Schleicher and Schuell B6) presoaked
in 6 x SSC for 20 ruin and'washed with 10 ml of 6 x SSC
by suction.
7. Washed with 5 x 10 ml 6 x SSC.
8. Placed in glass scintillation vials, dried at room for
4 hrs. then dried at 80°C for 2-4 hrs. in vacuum.
9. DNA filter are stored in a vacuum desicator at 4°C and
used within I month.
H. DNA-RNA hybridization reaction
Specific RNA-DNA complexas are formed when denatured
DNA is annealed with RNA isolated from the same organism
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(Hall and Spiegelman, 1961). Similarly, RNA copied from
DNA will form complexes with homologous DNA (Geiduschek,
et al. 1961). The method described here involving hybridizing
complementary RNA to the membrane-fixed DNA.
The formation of RNA-DNA complex is temperature
dependence, the optimal temperature for RNA+ DNA occurs
15 to 20°C below the melting temperature, Tm, (Nygesard
and Hall 1964). Knowing that the melting temperature of
bacteriophage T2, T4 and T6 are 83, 84 and 84°C respectively.
These procedure involved hybridizing complementary
RNA to the membrane-fixed DNA and eliminating RNA noise
(unpair, non-specific binding, unpaired ends) by washing
and RNase treatment.
1. 1 ml of radioactive RNA (8,0000 cpm/ml or 6,0000 cpm/ml)
in 2 x SSC containing 0.1% SDS was added to a scintillation
vial with a filter containing:
a. 20 ug T4 DNA
b. 20 ug DNA
C. No DNA as control
d. 20 ug DNA from the related bacteriophage to be tested.
2. The content in the scintillation vial was incubated
at 67°C for 16-20 hrs. (with occasional stirring).
Incubation for longer period does not affect the results.
3. The RNA hybridized filters were rinsed through two
beakers containing 300 ml each of 2 X SSC (2 X SSC is
change every ten filters).
These filters were washed with 5 x 10 ml of 2 x SSC
with moderate suction.
5. The filters were inverted and rewashed with 5 x 10 ml
of 2 x SSC with moderate suction.
6. The filter was transferred to a scintillation vials,
incubated in 5 ml of 2 x SSC containing 20 pgml
RNase at room temperature for one hr.
7. Washed again as described in k and 5 above.
8. The filters were dried at 80°C for 1 hr. in vacuum
oven.
9. The filters were counted in 10 ml of scintillation
fluid •
I. Measurement of Tb antiserum inactivation
An antibody is an immunoglobulin molecule secreted
from lymphoid cells which have been exposed to a foreign
substance- and antigen. The antibody can combine only with
antigen which is identical or nearly identical with the
inducing antigen and not with urelated antigens when
molecules of antibody and antigen are brought together in
solution, they interact with each other by the formation
of link between an antigen-binding site on the immunoglobulin
molecule. The most important reactions between antibody
and antigen are precipitation, agglutination and complement
fixation. In addition to the widely used serological
tests, a number of effect antigen-antibody interaction are
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important in the microbiological studies. These include
neutralization tests used for virue identification and
immobilization tests with bacteria.
It was first shown that injection of rabbits with
purified bacteriophage stimulates development in the serum
of these animals of antiphage antibodies that are capable
of neutralizing the infectively of homologous phase
particles. An antiserum containing antibodies developed
against one strain does neutralize the particles of another
strain phage strains, that crossreact in this manner carry
common antigens and are therefore said to be serologically
related.
The neutralization kinetics may be described by the
relation.
The logarithm of the fraction, S (numbers of Survival
'P' over the initial number of the bacteriophage 'Po'),
of surviving phage decreases linearly with the time, t (Stent
1%3) the slope of the survival curve being inversely
proportional to the dilution, D, of the antiserum in the
reaction mixture, K is a constant that depends on the
physicochemical conditions,such as temperature and ionic
strength. The constant K reflects the neutralizing
potency of the particular antiserum used, therefore the




constant K (where tested under a standard set of conditions)
is called the titer of the serum.
The neutralization offers the most sensitive test for
antiphage antibodies, their presence can also be detected
by the specific agglutination, or precipitation, of the
homologous phages (Lanni and Lanni 1953). The antisera
prepared against highly purified T4 tail plates inhibited
the activity of T4D bacteriophage Dihydrofolate Reductase
(DFR) (Kozloff et al. 1970 Male and Kozloff 1973). It
become possible to prepare highly specific antiserum to
investigate the structural role of this enzyme in the
phage tail (Mathews 1973)•
(a) T4 antiserum preparation
1. Tk- bacteriophage antiserum was prepared by five
continuous daily subcutaneous injections of a
rabbit with 1010 of purified T4 bacteriophage.
2. One week after the final injection, the rabbit
was bled and the blood was put in room temperature
for at least two hours and
3. The serum was prepared as a supernatant after
centrifugation at 3,000 rpm for 30 minutes.
4. The serum was kept at 40C, and its serological
properties did not change when the serum was
stored at 4°C for a long time.
(b) Measurement of T4 antiserum inactivation
1. Each T4-related bacteriophage was diluted with
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suspension buffer to about 1 x 104/ml.
2. This bacterioti)hage suspension was prewarmed in
30°C or in 37°C water bath for 5 min.
3. 0.2 ml the various dilution of T4 antiserum was
added to 1.8 ml of bacteriophage suspension in
30°C or 3?°C water bath. The final dilution of
the antiserum was from the range 100 folds to
10,000 folds.
4. 0.1 ml of phage sample was taken out every 5
minute until 35' minutes after antiserum addition.
5. The samples were immediately diluted and plated
with E. soli B plating bacteria on tryptone agar
plates.
6. Plates were incubated at 37°C overnight, and the
number of plaques were scored under a colony counter.
7. The ratio between the number of survival 'P' and
the initial titer of the bacteriophage suspension
used for this experiment of 0 min. 'Po' was
calculated.
J. Membrane filters and filtration apparatus
Nitrocellulose membrane filters, Bac- T-Flex type B6,
24 mm diameter were employed (Schleicher Schuell Co.,
Keene, New Hampshire 03431, U.S.A.).
For loading the filters with denatured DNA or DNA-
RNA hybrid a nd for washing the filters, a multisample of
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filtration apparatus was developed by Prof. W. Szybalski
and Dr. K. Taylor (B vre, Taylor, and Szybalski, 1971)-
The filtration apparatus model DNA 40 was purchases.
It consists of a dessicator base covered with a stainless
steel plate which openings at peripheral. Each of them
is for individual filter holders which has 2 components.
The filter is placed on a wire screen mounted in the bottom
component of the filter holder and is held in position by
a heavy cylindrical reservoir which rests on the edge of
the filter. There are sizes of reservoirs, 10-ml for
DNA-RNA hybrid loading and 100-ml for filter washing.
Assembly, disassembly, and washing of such a multisample
membrane filtration apparatus are very fast and simple.
When use,.the B6 filters are soaked and washed with 10 ml
2 x SSC. Each B6 filter is then carefully centered on
the filter holder and washed again with 10 ml 2 x SSC
with the help of the 10-ml reservoir. A photographic





A. Labelling and extraction of H-RNA
For the preparation of labelled T't bacteriophage
RNA,
n»»
flru. uridine was added at one minute after T
infection and remained in the culture until termination
of labelling by sodium azidrat 20 minutes after infection
(see material and method). Because labelling started at
one minute after infection, thus the undesired labelling
for the host £• coll RNA, was greatly reduced since hostam
transcription was shut off rapidly after Tk bacteriophage
infection (Landy and Spiegelraan 1968; Snyder, L. 1973)
Such RNA with labelling from one to 20 minutes after
infection will cover all kinds of early and lata Tk RNA.
Thus these RNA could hybridize to a large fraction of the
Tf genome.
The labelling efficiency of the total H-RNA was
quite consistent. About ?.% of the total input was extracted
(Table 2).
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The extracted E-RNA was quite efficient for the
formation of DNA-RNA complex. The highest hybridization
efficience with respect to the in put H-RNA was 32®7$
(see later). This result was consistent with the finding
of Nygaard and Kail (196). They commented that only




The preparation of T4 3H--RIBA was described in materials
and methods. In column two, the number of counts were
assayed as the result of TCA precipitations. This result
indicated the amount of 3H-uridine that was incorporated
into T4-RNA. In column 3, the total counts was assayed
without TCA precipitation, it only indicated the amount
of 3H-uridine that was absorbed into the cells. 0.125
me or 0.25 Mc of 3H-uridine was used as in put, it was
known that 1 me= 2 x 10 9 cpm, therefore the total in
put counts was either 2.5 x 108 cpm or 5.0 x 10 8 cpm.
The total counts of 3H-RNA extracted was calculated by
the multiplication of the number of counts assayed by
TCA precipitation with the volum of 3H-RNA solution ex-
trac tad e The labelling efficiency was expressed by








(cpm x 10 )
Total Counts
of 10~2 ml
















1 1.7 2.1 3.38 5.7 2.5 2.28
2 1.0 2.2 i.m 1.5 2.5 0.59
?
3 2.1 3.8 3.00 6.4 5.0 1.28
2.3 7.9 5.00 118 5.0 2.36
5 3.6 5.0 3-00 10.9 5.0 2.20
6 2.8 6.1 350 9-6 5.0 1.93
7 3-5 5-9 3.50 12.3 5-0 2.46
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DNA are capable of binding T2 RNA.
The nature of the culture medium for RNA preparation
has some effect on the hybridization efficiency. If
MCGB was used as culture medium in stead of the standard
M9S medium, the 311-RNA extracted showed higher hybridization
efficience. Furthermore, the efficiency of RNA labelling
depends on the physiology of the bacterial culture. Therefore,
log-phase bacterial culture was used for labelling.
B. Propagation concentration and purification of bacteriophages
Because large quantities of purified bacteriophages
were required for DNA preparation need for DNA-RNA hybridization
experiments, large proportion of time and effort were spent
in this aspect.
E. coli B was used as host for all the bacteriophages
preparation. Usually the bacteriophages were infected with
multiplicity of infection (MOT) at 0.01 to a bacteria culture
growing in log phase (5 x 107 to 1 x 10 8). The lysis
time ranged from three to five hours after infection. It
was observed that longer the time of lysis,. higher the
titer of bacteriophage lysate obtained. The titer of
bacteriophages lysate is usually around 10 9- 10 10 phages/ml
(see Table 3).
Concentration of bacteriophages was performed by
polyethylene glycol (PEG) precipitation (Yamamoto and
Alberts 1970). The PEG precipitation method is rapid,
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Table 3
Preparation of T4 and its related bacteriophages
The preparation of bacteriophages lysates and PEG pre-
ciptitation was described in materials and methods. The
yield of the bacteriophages were calculated by comparing
the total bacteriophages in PEG precipitation with the
total bacteriophages in lysate.
Table 3




















CU 4 1.0 2 0.01 2.7 8.1 1.9 14 2.7 32.8
CU 11 0.3 4 0.003 4.3 25.0 2.3 2 x 14 6.4 25.8
CU 2 1.0 2 0.01 11.5 34.5 20.6 14 28.8 83.5
CU 12 1.0 2 0.005 34.8 104.4 38.0 15 57.0 54.8
CU 5 0.6 3 0.02 7.4 33.5 2.3 14 3.2 9.6
CU 13 1.0 2 0.01 3.1 102.0 19.0 15 28.5
1tnr
27.9
CU 19 0.5 4 0.01 5.5 32.7 3.7 2 x 14 10.5 32.1
CU 20 0.5 2 0.01 15.0 30.0 8.6 14 12.0
in_o
CU 3 1.0 2 0.01 21.1 63.3 32.5 14 45.6 72.0
CU 7 1.0 2 0.01 21.6 64.8 53.0 14 7.4 114.5
Table 3 (Contin.)
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CU 21 1.0 b 0003 2.2 125 39 2 x 14 109 87. C
CU 1 1.0 2 0.01 12.2 366 13.0 lb 180 +9.2
cu 6 1.0 2 0.005 +.9 9.8 2.8 lb 5.92 +0.0
CU 16 1.0 2 0.01 2.7 7.9 2.3 15 3.5 +3.9
CU 22 1.0 2 0.01 2.1 6.2 2.+ 15 3.6 53.5
CU 23 5.0 2 0.01 7.7 23.0 18.+
C
xp 27-0 100.0
CU 17 0.5 2 0.01 7.0 21.0 11.5 15 17.3 824
CU 1+ 5.0 2 0.01 5.9 17.7 5.0 15 7.5 +2.+
CU 15 2.0 2 0.01 2.8 8.5 1.9 15 2.8 32.7
CU 24 0.5 2 0.01 3-8 11.5 6.7 1+ 9.3
81.2
Table 3 (Contin.)



















CU 18 0.3 2 0.01 0.8 2.5 1.8 12 2.2 86.4
cu 8 1.0 2 0.01 1.9 5.7 2.7 15 3.9 69.8
CU 9 5.0 2 0.01 3.7 11.1 6.3 15 9.5 85.6
cu 10 1.0 2 0.01 12.4 37.2 17.7 14 24.8 66.7
T 2 1.0 2 0.01 16.4 49.2 28.0 14 39.4 80.0
T 6 1.0 2 0.01 9.9 29-7 18.0 15 27.0 92.0
T 4 1.0 2 0.01 1.8 5.6 4.2 11 4.6 82.4
T 4 1.0 2 0.01 6.5 19.5 13.6 14 19.0 98
T 4 1.0 2 0.01 15.0 45.0 30.8 14 43.0 95.6
T 4 1.0 2 0.01 10.0 20.0 13.0 14 18.0 90.0
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convenient to operate, and gives high yield of phages.
The bacteriophage titer after the concentration step
ranged from 1011 1012 bacteriophages/ml (Table 3).
The yield of Tk bacteriophage by PEG percipitation was
usually over 90%, but the yield of other related
bacteriophages is not consistant. It seems that
different bacteriophages have different degrees of
affinity for the PEG precipitation.
The purification step of bacteriophages after PEG
precipitation was performed by CsCl density gradient
centrifugation, a white sharp narrow band was observed
after CsC1 density gradient centrifugation. Extraction
of this band was carried out by sterilized syringe. The
amount of purified phage was then measured at O.D. 260 mj.
The total yield of DNA from each batch of purified
bacteriophages ranges from 0.3 mg to 3k.0 mg (Table k).
C. Extraction of DNA
The removal of CsCl in the bacteriophage suspension
and the removal of phenol in the DNA solution after phenal
extraction were described in Material and Method. Removal
of CsC1 from bacteriophage suspension by dialysis against
potassium phosphate buffer (see Material and. Method) show
no significant lost of the y bacteriophage during the
process. However, a drastic lost of DNA content after
Table k
Preparations of Tb and its related bacteriophages DNA
The purified bacteriophages vas performed as described
in materials and methods. The DNA concentration of the purified
intect bacteriophages vas obtained by the multiplication of O.D.
260 mp in 1 mm cell path vith the convertion factor kOO, The
DNA vas extracted from barteriophage by phenol extraction (see
materials and method).
The purified DNA concnetrations were obtained by the
multiplication of O.D. 260 rgu in 1 mm cell path with the
conversion factor .500. The total recovery vas derived by
comparing the amount of total DNA after removal of phenol and
total DNA content of the purified bacteriophage.
Table 4
Preparations of T4 and its related bacteriophages DNA— — - — - - - - - -1. -
Phage
CsCl Purified Phages After Dialysis for CsCl
After Phenol extraction of DNA
and dialysis for removal of Phenol
O.D. DNA Cone. Vol. Total DNA O.D.
260
Cone. Vol. Total DNA Recovery O.D.
260





0.94 O.38 1.2 0.45 O.65 0.26 1.5 0.39 86.4 0.24 1.20 1.5 1.80 39.9
CU 11 1.23 0.49 3.5 1.72 0.81 0.32 3.3 1.12 65.1 0.61 3.06 3.0 9.20 53.4
CU 2 3.44 1.38 1.0 1.38 2.65 0.96 1.0 0.96 70.0 1.32 6.60 1.0 6.60
CU 12 8.55 342 1.5 5.13 7.90 3.16 1.3 4.10 80.0 2.36 11.78 2.0 23.55
48.0
45.9
CU 5 3.98 1.59 1.5 2.39 2.63 I.05 2.0 2.10 88.0 1.11 5.54 1.9 i.05 44.0
CU 13 17.5 7.00 2.5 17.50 12.39 4.96 3.0 14.87 85.0 5.60 28.00 2.5 70.00 40.0
CU 19 1.20 0.48 1.5 0.72 1.14 0.46 1.5 0.68 95«0 O.65 3-24 1.0 3.24 45.0
CU 20 2.5C 1.00 2.0 2.00 1.50 0.60 2.5 1.50 75.0 1.20 6. CO 1.0 6.00 30.0
CU 3 10.5c 4.20 1.5 6.30 5.40 2.16 2.0 4.32 68.5 3.15 15.75 1.5 23.63 37.5
CU 7 7.00 2.80 2.0 5.60 3.73 1.49 3.0 4.48 80.0 2.35 11.76 2.0 23.52
420
Table 4 (Contin.)























































































































































































































































































































































CsCl Purified Phages After Dialysis for CsCl
After Phenol extraction of DNA
and dialvsifi for rornovl of Phenol
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phenol extraction was observed. The percentage of
recovery for DNA content before and after phenol extraction
ranged from 26.8% to 57,8% (Table 4)0 It indicated that
large amount of DNA was distributed into the phenol layer,
therefore, re-ex_traction of phenol level was necessary
(see Material and Method).
D. Kinetic studies of DNA--RNA complex
a. The amount of immobilized DNA on the extent of DNA.-RNA
hybridization
To measure the amount of complementary RNA present
in an RNA preparation, sufficient DNA must be present
to bind all available complementary RNA. The amount
of DNA needed is determined by annealing fixed amount
of labelled onto nitrocellulose membranes containing
increasing amounts of DNA (Candy and Spiegelman 1968,
Heschel et al. 1971). Using an input of 70,000 cpm
of labelled T4 RNA maximum detection of complementary.
RNA is obtained with 20 jig of T4 DNA (see Fig. 5).
Therefore y 20 jig of DNA were used through out this
experimental series for the detection of complementary
RNA. Since the amount of complementary RNA for the
various Tdi related bacteriophage DNA is expected to
be smaller than T4 bacteriophage DNA itself, 20 jig
DNA should also be more than enough. Besides bacterio-
phage Tk. DNA was used as reference in each run of
69
Fig. 5
The amount of imrnobiliped DNA on the extent of
DNA--PNA hybridization formation
DNA filters containing increasing amount of T4 DNA
were incubated with 1 ml of 2 x SSC containing fixed amount
T4 3H--NINA (70,000 cpm) at 67°C for 18-20 hours. (see
materials and methods). The amount of T4 3H-RNA Hybridized
to DNA filters were plotedagainst the amount of DNA in the


























hybridization. The reltedness of the related
bacteriophages to bacteriophage Tf was determinated
by calculating the relative hybridization efficiency
using the hybridization efficiency of Tf DNA to Tk
5H-RNA as 100.
3
b. The amount of H-RNA on the extent of DNA-RNA hybridization
To ensure that the system used for DNA-RNA
hybridization was satisfactory, the effect of the SNA
input on the extent of DNA-RNA hybridization was also
studied. The input Tf H-RNA was varied from 60,000
cpm to 9O1OOO cpm while the DNA level was fixed at
20 ig per nitrocellular filter. The results show
that both the background level (from X phage) and
%
the hybridization efficiency with T related bacterio¬
phage DNA (CU5, CU12) tended to increase with increasing
3
input H-RNA, but such increase level off after the
input exceed 80,000 cpm, (See Fig. 6).
On the other hand, the results obtained with T
3
DNA, indicated that increasing H-RNA input lead to
the decrease in hybridization efficiency, and such
3
decrease is significant when the H-RNA input exceed
70,000 cpm. Therefore, the H-RNA input for most of
the experiments in this series was fixed at 60,000 cpm.
To ensure that the 20 jig DNA on the nitrocellulose
filter is in excess.
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Fig. 6
The amount of T4 3H-RNA on the extent of DNA-RNA
hybridization with fixed amount of DNA
immobiliRated on filters
The amount of 3H--RNA needed to achieve saturation was
determined by incubating DNA filters containing 20)ug DNA
increasing amount of T4 3H-RNA from 60,000 to 90,000 cpm in
1 ml 2 x SSC at 67°C for 18-20 hours. The other procedure
was the same as described in materials and methods. The
saturation curve was expressed by ploting the no of counts
obtained against the in put counts of T4 3H-RNA used. Each
points was the average of two DNA filters.
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bacteriophage and Th bacteriophage
The presence of common genes or common nucleotide
sequence may be taken as a guide, not only for taxonomic
relationships among organisms (McCarthy and Botton 193)»
but also for probable evolutionary relationships. The
detection of genetic homology in vitro by forming DNA-RNA
hybrides was established (Nygaard and Hall 1960. An
improved filter hybridization method for the formation of
DNA-RNA hybrids was developed (Gillespie and Spiegelraan
19(9) • The procedure involved immobilizing denatured DNA
on nitrocellulose membrane filters, hybridizing complementary
RNA to the membrane-fixed DNA. This method is quantitatively
more accurate than the liquid hybridization method (Gillespie
and Spiegelman 1965) t since the competing DNA renaturation
reaction is suppressed by binding the denatured DNA on the
3
filter. Moreover, the non-specific binding of H-RNA on
filter can be depressed to a very low level permitting the
detection of small segments of DNA complementary to a given
RNA species.
• Hybridization of Ik K-RNA with T2 and T6 DNA
Bacteriophage T2 and T6 are the two well known
T4 related bacteriophages. The serological neutralization
of T2 and T6 with Tk antiserum (Mark 1970 and
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hybridization interaction of T2 and T6 DNA with
T4 DNA (Cowie and Dean 1971 Kim and Davidson 1974)
had been studied. Therefore, T2 and T6 bacteriophage
were used as reference in our DNA-RNA hybridization
for measuring the degree of relatedness between T4
and other newly isolated T4 related bacteriophage.
The results were shown in Table 5. Two T4 311_
RNA preparation were used, and consistant results were
obtained from four separate hybridizations. In
normalizing separate experiments in this series and
the following series with newly isolated T4 related
bacteriophages, the rate of T4 3H--RNA hybridizable to
T4 DNA was set at 100%. The relative value from other
T4 related bacteriophages were termed relative h-bridization
efficiency. The average relative hybridization efficiency
for T2 and T6 bacteriophage were 76.84% and 65.21%
respectively. These results agreed with other indicators
which suggest that T2 and T6 are closely related to T4.
Base on the relative hybridization efficiency
of T2 and T6, it can then set a limit for those so
called T4 distantly related bacteriophages as having
relative hybridization efficiency below 25%. Such
limit is exactly what Brenner (1972) had recommended.
b. Hybridization of T.4 3H.-.RNA with DNA of the newly isolation
T4-related bacteriopha es
Several hundred of local bacteriophages were isolated
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Table 5- Table 11
Hybridization of T4 3H-RNA with DNA of T4
and DNAs of its related bacteriophaes
The 20 ug DNA containing filters and the empty filters
were immersed in scintillation vials each containing 60,000
cpm 3H-RNA in 1 ml 2 x 'SSC supplement with 0.1% SDS, except for
Table 6 and 7 where 80,000 cpm 3H-RNA for each filter liras. used.
All filters in vials were incubated at 67°C for 18 to 20 hours
then chilled in ice bath immediately after the incubation. All
filters were washed and treated with RNase as described in
materials and methods. Each valve of hybridization was an
average of two DNA filters. The relative hybridization efficiency
was normalized by setting the hybridization efficiency of T4 DNA
as 100%.
Table 5
Hybridization of Tf H-RNA with DNA of







































from various sewage ditches, streams, and ponds in
Hong Kong (Mark, unpublished results), the Ti related
bacteriophages were isolated by Tk antiserum spot test
(Mark 1970 Those bacteriophages that show no inter¬
action with T- antiserum were discarded. About thirty
local bacteriophages showing positive interaction with
Tk antiserum were classified as T-r elated bacteriophages.
From the Kinetics of neutralization by Tk antiserum
and from host range studies (Mark 1975-; Mark unpublished
results), twenty-four (newly isolated TA related
bacteriophages were picked which seem to be distantly
related to bacteriophage Tf. In making these selections
the known T-related bacteriophage T2, T6, RB1, RB2, RB3,
RB5 RB and RB7 were used as reference. All these
twenty-four selected bacteriophages were shown to be
more distantly related to Tf bacteriophage than all
those known Tf related bacteriophages listed above
(Mark unpublished results).
From molecular aspect, the degree of relatedness
between these newly isolated bacteriophage and Tk bacterio¬
phage were measured by means of DNA-RNA hybridization.
The bacteriophages DNA were immobilized on filters and
the filters-were annealed with Tf K-RHA (see Materials
and Methods). In each experimental run, Tk DNA was
used as reference for setting the 100 relative
hybridization efficiency, and the bacteriophage J
DNA was use as nonspecific binding control. Besides,
two filters with no DNA were used as blank. It should
be noted that the filters containing no DNA were prepared
exactly the same way as DNA filters except that no DNA
vas added. For each case two DNA containing filters
were used. The average value was presented in the
Tables.
The DNA-RNA hybridization of Tk K-RNA with the
DNA of 2k newly isolated T4 Related phages were completed
in six separate hybridization runs (see Table 6 to Table
11). The relative hybridization efficiency of the Tf
related bacteriophages were shown in the bottom rows
of the tables. It was shown that bacteriophage CU11,
CU2 in Table 6; CU1 in Table 8 , CU9 in Table 10 and
CU10 in Table 11 have lees than 1% relative hybridization
efficiency. Since the X bacteriophage which has no
relationship with Tk showed a background level of
0.k~1.0 relative hybridization efficiency (see Table
6 to Table 9)« the relative hybridization efficiency
of these five bacteriophages indicated that they are
either very distantly related to bacteriophage Tk or
no relationship at all. Therefore their relationship
with Tk must be confirmed by other approaches such as
the serological interaction.
Table 6







CU 2 CU 12
If
cu 5 CU 13
cpm 35.5 1759.7 515. C 220.3 +76.5 3615.0 83.0 669.3
a cpm








100.0 1.0 0.76 19.12 2.89 1.87
Table ?





T4 A CU 19 CU 20 CU 3 CU 7
cpm 246.3 2448025 423.C 27260.3 17316.8 6647.5 5355.5
cpm
(Subt. blank] 242135
176.8 27014.8 17270.5 64m.3 5109.3
Hybridization
ef ficiencv




100.0 0.72 100 71.3 22.3 21.1
Table 8

















































Hybridization of Tk B-HNA with DNA of
related bacteriophages
DNA NO DNA T if A. CU 1 CU 6 CU 21
19321,21913.31836.0367.33779.3220cpm
A cpm








100.0 O.Jf 52.8 .9 35.2
Table 10
Hybridization of Hk H-RNA with DNA ofT 1—MT~r«~ri—rn—i«iiiit iiii— ttt i« miiw» i -1 i -|p - „i in mmminmim11i«




T4 cu 9 cu k CU 2h










100.0 0.32 1.55 69.
Table 11





T4 CU 18 cu 15 CU 10 CU 8
cpm 119.5 19067.3 8675-3 391-5 308.3 1753.3
A cpm.








100.0 46.7 1.42 0.98 8.6
The most promising Tk related bacteriophage are
those with relative hybridization efficiency between Yjo
to 25%. These are bacteriophage CU12, Cp3i CU13 in Table
6, CU3 and CU? in Table 7, CU6 in Table 9, CUf in Table 10,
CU15 and CU8 in Table 11.
These nine bacteriophage can be classified as distantly
related Tf bacteriophages, for they have very little base
homology with Tf. These nine bacteriophage seem promising
for the construction of hybride Tf bacteriophage. They
»
will be further characterized by other criteria.
The relative hybridization efficiency of the remaining
ten bacteriophages are over k0% which means that they are
closely related to bacteriophage Tk. These bacteriophages
are CU19 and CU20 in Table 7, CU16, CU22, CU17 and CU23
in Table 8, GUI and CU21 in Table 9, CU2'l in Table 10,
CU18 in Table 11. Some of them even attained the degree
of relatedness to T'l as T2 and T6 which were vell established
to be closely related to T. These bacteriophages are too
closely related to T, so they are of little interest for
the present project.
F. Kinetic studies of Tfr antiserum neutralization of bacteriophage
Tk and its related bacteriophages
The kinetic of neutralization by Tk antiserum on Tt
related bacteriophages were used to distinguish several
features of these Tf related bacteriophages .
When the relative hybridization efficiency with Tk
DNA falls below or near 1% which is the background level,
the information suggested that this phage is either very
distantly related to Tk or there is no relationship at
all These two alternatives can be distinguished by the
kinetic of neutralization with antiserum. Table 12 showed
6 bacteriophages whose relative hybridization efficiency
falls around 1 or below also showed no specific
neutralization by Tk antiserum. The combined information
suggest that they ere not realy Tk related bacteriophages.
The reason that they are placed in the Tf related bacterio-
phage category ' are due to these slow inactivation by Tk
antiserum during the preliminary test. These neutralization
are probably the non-specific neutralization to be illustrated
later.
Fig. 7 to fig 12 illustrate that the xk related
bacteriophages whose relative hybridization efficiency with
Tk DNA falls between 1% to 23% can be neutralized specifically
by T antiserum. These data together with those from
relative hybridization efficiency confirmed that these
bacteriophage are TA related bacteriophages, but the
relationship is a distant one. There are a few bacterio¬
phage, for example CU12, CU13, CU13 whose relative
hybridization efficiency was above 1$, but sIiovt no
specific neutralization with Tk antiserum (see Table 12).
Table 12
r
Neutralization of Tf related bacteriophagesw»n—rw»iwi» lli -ffnwuiinriwaa'mmI«uIrean.»r—IT.i«r—n.n,i»iii—mniOTuwwmmriUMKWnmi»»»uiimn—uawr« . I11TMI—
with T antiseruman—imin—uiiTuocnmowMCMrKKB
0.1 ml bacteriophage suspension was added to 0.9 ml of
antiserum with final concentration of bacteriophage 5 x 10
2}0
to 10 ml. The bacteriophage solution and the TA antiserum
were preincubatal for 5 minutes before mixing. The mixture was
incubated at 37 C. 0.1 ml of the sample was drawn every five
minutes and plated immediately on the agar-plate seeded vith
E. coli B. The plates were incubated at 37°C overnight. In
the control set, all conditions were the same except that rabbit
serum was used instead of T-antiserum.
Table 12

























































































































































Fig. 7 - fig. 12
The Kinetics of neutralization for newly isolated
T related bacteriophages by Tk antiserum
and rabbit serumflrrrnlii~~a~il—rnrat ammi i tmmi t hmymi—imwfluwuw
if
Each bacteriophages suspension with about 10 bactcrio-
phagesml at 30°C was allowed to interact with Tk antiserum
at 0 min. The final dilution of the Tk antiserum or rabbit
serum vere indicated in the figures. Samples were taken at the
indicated time to measure the concentration of bacteriophages
not yet inactivated by Tk antiserum. This valve was expressed
as P. The bacteriophage concentration before Tk antiserum
addition was takan as the bacteriophage concentration at 0 min.
and vas expressed as Po (see materials and methods). The
Kinetics of neutralization for different bacteriophages by Tk
antiserum or rabbit serum vere expressed by ploting the PPo
ratio (log scale) against the length of time vhich the bacterio¬
phages vere exposed to Tk antiserum or rabbit serum (linear scale).
The name of bacteriophages was indicated in each Figure.
F I G. 7
Neutralization of CU3 by T4 antiserum
and rah hit serum
serum
d i! u t i o n~2 5 0
l
T4 antiserum
dilution™ 1 0 00
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Such relationship have some analogy with bacteriophage
and 80.
It has been point out by Dr. E. P. Geiduschek (personal
communication 1975) that non-specific rabbit serum can
neutralize bacteriophages at a slow rate. Therefore one
has to distinguish the neutralization by T4 antiserum
(used to define T4 related bacteriophages) are due to T4
specific antibody in the serum or non-specific inactivation
derived from rabbit serum. This is particularly important
for those bacteriophage that demonstrated a very slow
rate of neutralization. Because distantly related bacterio-
phage is the aim, all those bacteriophage with very slow
rate of neutralization were chosen for study. As shown in
Table 12, and from Fig. 7 to f igo 12, unimmunized rabbit
serum did neutralize the bacteriopha.ge at a slow rate.
For those bacteriophage listed in Table 12, the rate of
neutralization by T4 antiserum and rabbit serum did not
show distinguishable di f forences. Therefore the
neutralization is of the non-specific type. However,
those bacteriophages shown in Fig. 7 to yig, 12 demonstrated
a mark difference between their rate of neutralization by
T4 antiserum or unimmunized rabbit serum. This showed
that the neutralization by T4 antiserum are due to T4
specific antibody.
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The rate of neutralization by Tk antiserum can
also be used to measure the degree of relatedness between
bacteriophage T4 and its related bacteriophages. When
one single T4 antiserum preparation was used, the
inactivation velocity constants K for bacteriophage T4
and all the T4 related bacteriophages studied in this
series.were calculated from T1+ antiserum neutralization
data. The relative K values (K()/K(T4)) were derived
by setting the K value for T4 as one (1.0). This relative
K value was used as a rough indicator for the degree of
relatedness between T4 and its related bacteriophages.
In Table 13, the bacteriophages were arranged with
decreasing relative K values. This order agree quite
well with that obtained from DNA-RNA hybridization
experiments. The results also showed close agreement
with the published results (Mark, 1974).
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Table 13
With the same T4 antiserum preparation, the
inac,tivation velocity constant K for bacteriophage and
all the T4 related barteriophage were calculated based
on the extent of inactivation observed after each bart erio-
phage was exposed to T4 antiserum for 23 minutes. The
relative K values (K()/K(T4)) were desired by setting the
K value for T4 as 1.0. The order of bacteriophage were
arranged in the order with decreasing relative K values.
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Table 13
Relative K value Relative K Value
Bacteriophage with respect to Bacteriophage with respect to
T4 antiserum T4 antiserum
(K()/K(T4)) ( K() K(T4))
T4 1 Cu 16 0.139
T2 0.705 CU 18 0.124
T6 0.369 CU 21 0.079
CU 5 0.333 CU 3 0.077
CU 17 0.310 cu 4 0.038
CU 24 0.228 cu 6 0.023
CU 22 0.226 CU 10 0.0031
CU 19 0.223 Cu 8 0.019
CU 23 0.204 CU 7 0.016




The purpose of this study is to identify Tit related
bacteriophage that are suitable for the construction of T4
hybrid bacteriophages. Among the known T-Even bacteriophage,
T2 and T6 were established to be closely related to T4, and
various degree of genetic exchange with T4 was possible (Cowie
et al. 1971; Kim and Davidson, 1974 Russell, 1974), however
no useful hybrid bacteriophages was obtained among these
bacteriophages. Therefore the relative hybridization efficiency
of 65.2% and 76.8% for T6 and T2 in respect to T4 have set
the upper limit for identifying useful T4 related bacteriophages.
Moreover, bacteriophage T3 and T7 also have 80% or more partially
homologous DNA base sequences (Davis and Hymen 1972), again
no useful hybrid bacteriophage has been obtained from this
pair.
On the other hand, and 8o have only 20% base sequence
homology on the left arm (Takeda and Yura 1968), and only
about 5-11% of the m-RNA from the r strand of left arm is
homologous between hand 680 (Lozeron and Szybalski 1969).
and P22 shares some 18% sequence homology (Cowie and
Szybalski 1967), while n2 and 186 have 25% homologous base
sequence in their DNA (Skalka and Hanson 1972). All these
bacteriophage pairs have formed many importallat and useful
hybrid bacteriophages. All these evidences point out that
102
the homologous base sequence of DNA below 25% among the
related bacteriophage can be used as criteria for the hybride
phage construction.
Eight T4 related bacteriophages out of the twenty four
studied have relative hybridization efficiency below the 25%
set above. These bacteriophages (CU3, CU4, CU5, cu6, CU7,
CU8, CU9 and CU10) were confirmed to be related to T4 bacterion
phage through repeated aerological evidences. Two of these T4
related bacteriophages (CU3 and CU7) have homology with T4
in a way comparable to that between and 80, and P22 or
P2 and 186. Four of these T4 related bacteriophages (CU4,
CUS, CU6 and cu8) have relative hybridization efficiency
between 1% to 10%. Such range of homology is more distant than
all these established related bacteriophages. However, even
they are so distantly related to T4, they have distinct
serological cross interaction with T4. The last two of these
related bacteriophages (CU9 and CU10) have relative hybridization
efficiency below 1%. They ar-a too distantly to be called
related bacteriophage from the degree of homology point of
view. Euckyly, they showed some degree of serological
interaction with T4.
In short, these eight T1+ related bacteriophages can be
considered distantly related to T4 based on the criteria
set by Brenner (1971) and have high potential in forming useful
f4 hybride bacteriophages.
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What the DNA-RNA hybridization measures is the base
sequence. homology in all the transcribed region in the genome.
This would cover a great majority of the genetic elements including
the genes for enzymes, control factors, as well as the structural
genes for head and tail proteins. On the other hand, what the
serological neutralization measures is not well established.
It was reported that binding off: the antibody to tail fibers
(Brenner et al. 1959 Franklin, 1961 and Epstein et al. 1963)
or to the tail plate (Kozlott et al. 1970) of the bacteriophage
did lead to inactivation of the bacteriophage. However, the
genes for tail fiber and tail plate constitute only a very small
fraction of the total genome. It was also pointed out from
the electron microscopy study that homologous regions between
related bacteriophages tend to scatter in a mosaic way in the
genome. Therefore, if the serological neutralization measurements
are really based on such a small region, the degree of relatedness
so derived is unlikely to be a general and reliable one. The
data listed in Table 1k demonstrated that the informations
derived from serological neutralization (relative K values)
are in close agreement with that derived from DNA-RNA
hybridization (relative hybridization efficiency). All the Tk
related bacteriophages that have more than 25% relative
hybridization e f ficiency, al so were neutralized by Tk antiserum.
Many of them have strong interaction with T1+ antiserum (high
relative K values). Those Tk related bacteriophage with 2%
104
Table 14
This table shows the relationship between
the relative hybridization efficiency and the relative
K values among all the T1+ related barteriophages studied,





























































































to 25% relative hybridization efficiency all are neutralized
by Tk antiserum with only one exception, but the interactions
on the average were much weaker. Those bacteriophages with
less than 2% relative hybridization efficiency all have
negligible interaction with Tk antiserum. Out of the eight
bacteriophages that failed on this category, five showed no
interaction at all, and the remaining three showed only
marginal interaction with Tk antiserum.
The fact that the information derived from serological
neutralization (relative K values) reflects a reliable measurement
on the over all degree of relatedness suggested that the
information may not be derived only from the tail fiber and
the tail plate proteins, but from a wider source or even from
all the, structural proteins. One can immagine that an antibody
against the major head protein can bind two bacteriophage
together, and thus decreased the titer of the bacteriophage.
It may be worth while to point out that the use of
relative-EC. values to indicate the degree of relatedness is both
simple and reliable. This information is much simpler to derive
than the relative hybridization efficiency (see Materials and
Methods), while its reliability for estimating the degree of
relatedness has been demonstrated (see Table 14). The data
for the relative K values are easily reproduced. For example,
the relative K values for T2, T6, CU1, CU2, CU3 and CU1+ derived
in this series are in close agreement to that published before
(Mark 1970, despite the fact that the Tk antiserum preparation,
bacteriophage preparation, and the dilution used were all
different«.
Summary
It will be a great help to the study of Tf bacteriophage
transcription if viable Tf hybrid bacteriophages were avail¬
able to provide the Tf DNA fragments However, no suitable
related bacteriophage is available for constructing such
hybrid bacteriophages. This study aims to identify bacterio¬
phages that are distantly related to T4 from some newly iso¬
lated related bacteriophages. Two methods, the DNA-RNA
hybridization and the kinetic of neutrolisation by T antiserum,
were used for such identification® Two criteria were set for
such screening : (1) The relative hybridization efficiency
with Tf H-RNA falls below 2% , and (2) The bacteriophage
, »
shared specific interaction with Ik antiserum.
Eight Tk related bacteriophage out of the 2k bacteriophages
picked for such screening have fullfiled the set requirements.
These bacteriophages are CU 3? CU k% CU 3i CU 6, CU ?, CU 8,
CU 9 CU 10. Bacteriophage CU 3 nnd CU 7 have relative hy¬
bridization efficiency of about 20% • Such degree of homology
is similar to many related bacteriophage pairs where success¬
ful hybrid bacteriophages have derived ei, and $80, and
P22, P2 and 186. The bacteriophage CUA, CU5, CU6 and CU8
have relative hybridization efficiency between 1% to Q%, This
represents a new class of related bacteriophages whose relat-
ionship with TA is more distant than all the known related
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bacteriophage pairs. The bacteriophage CU9 and CU10 have less
than 1%. relative hybridization efficiency and a very week
interaction with T4 antiserum. Their relationship with bact-
eriophage T4 can be taken as marginal.
All these eight T4 related bacteriophages can be termed
distantly related. It seems quite likely that they possess
high potential in forming viable hybrid bacteriophages with
bacteriophage T4
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Appendix
Table 15
FormalPreliminaryFormalPreliminary
nomenclatureNomenclatureNomeclatreNomenclature
CU13B35CUlB25
CUI4B56CU2B37
CU15M48CU3B6
CU16M38CU4B17
CU17S23CU5S41
CU18M32CU6M70
CU19M14CU7M26
CU20M22CU8S22
CU21B34CU9M10
CU22M27CU101165
CU23S43Cu11B18
CU24B33CU12S34


